Lanthanum zirconate is a promising thermal barrier coating material. In this work, imaging technique was used to characterize the microstructural non-uniformity of the coating. The imaging analyses revealed that, along the thickness of the coating, the cracks were primarily horizontal in the top and middle regions, while vertical cracks became dominant in the bottom region. The calculated porosities showed a non-uniformity (4.8%, 5.3%, and 5.5% in the top, middle, and bottom regions, respectively). They were lower than the experimentally measured one, 7.53%, using the Archimedes method. This is because imaging analysis does not take internal porosity into account. Additionally, the measured Vickers hardness was 5.51±0.25 GPa, nanoindentation hardness was 8.8±2.1 GPa, and Young's modulus was 156.00±10.03 GPa.
Introduction
Lanthanum zirconate (La 2 Zr 2 O 7 , LZ) is a promising material as thermal barrier coating (TBC) on industrial gas turbines or in aerospace applications. Compared with current the state-of-the-art TBC material 8YSZ (8 A few recent publications [4, 5] have provided good review of the application of lanthanum zirconate for thermal barrier coating applications. In this work, imaging technique will be used to characterize the microstructural nonuniformity of the coating. The orientation of the cracks and porosity distribution will be analyzed using the Fast Fourier Transform (FFT) technique. The hardness and Young's modulus will also be experimentally measured.
Experimental

2.1.
Materials and spray conditions Lanthanum zirconate powders (Praxair Surface Technologies, Indianapolis, IN) with a medium diameter, D 50 , of 65 m were atmospheric plasma sprayed (APS'ed) onto Haynes 188 substrate using a Praxair Surface Technologies patented plasma torch. The APS processing parameters (e.g., torch current, standoff distance, powder feed rate etc) were described previously [6] . In essence, the processing parameters were adjusted to produce desirable porosity in the coatings. In this work, a representative dense coating was presented showing its the microstructure ununiformity and mechanical properties.
2.2.
Microstructure The coating samples were removed from the substrate after spray to examine the microstructure. The free standing samples were processed to observe the cross-sectional microstructure and to evaluate mechanical properties. The microstructures of the samples were characterized with a scanning electron microscope (SEM; Model JSM-5610, JEOL, Japan).
2.3
Porosity and hardness The bulk density of the sintered specimens was measured by the Archimedes method [7] , and the relative density and porosity were calculated using a theoretical full density value (6.0 g/cm 3 ). To examine the localized relative density in the top, middle and bottom regions of the coating, image processing technique [8] was used using the SEM images to derive the porosity at the top, middle, and bottom regions of the coating.
The hardness values of the top coats were determined using a micro indenter (HM-114, Mitutoyo Corp., Japan) with a Vickers tip for a load of 3 N. To obtain more reliable values, 15 points were tested for each result. Additionally, nanoindentation was carried out on the sectional planes of each TBC to determine elastic modulus using a nanoindenter (Nanoinstruments, MTS Systems Corp., Eden Prairie, USA) employing a Berkovich tip (radius < 100 nm).
The two-dimensional fast Fourier Transform (FFT) was used to quantitatively analyze the SEM images for localized porosity and crack anisotropy. The SEM gray image data for fast Fourier Transform were pretreated to derive the binary (black and white) images in the region of interest (ROI). In FFT, the gray level of each pixel of the image is represented by a function, g(x,y) , where x and y are the Cartesian coordinates of a pixel point. The 2D discrete Fourier transform g(x,y) is F(n,m) and expressed as [9] where n and m are spatial frequencies corresponding to the x-axis and the y-axis of the ROI binary images. The value N is the size of a two-dimensional square array and should be a power of 2 for the FFT algorithm. The preferred orientation in the image is represented by a bright peak in the power spectrum |F(n,m)| 2 around the origin of the frequency transform.
Results and discussion
The backscattered SEM image of cross-sectional view of the TBC specimen is shown in Figure 2 , which shows a 500 micron-thick dense microstructure with a few vertical cracks.
The higher magnification SEM images of the coating at the top, middle, and bottom regions are given in Table 1 . The top region of the coating shows a typical APS'd sample microstructure. Horizontal cracks and grains were produced. The middle and bottom regions, however, exhibit mixture vertical and horizontal cracks. The bottom one, which is close to the bond coats was dominated by vertical cracks. The un-uniformity and anisotropy features of the coatings are revealed in the image processed data in Table 1 . The porosities of the coating were calculated using the ROI binary images. In a ROI binary image, black pixels are counted as pores and the white pixels are solid phases. The porosities at the top, middle, and bottom regions of the coating were calculated as 4.8%, 5.3%, and 5.5%, respectively. Therefore, there is a porosity gradient through the thickness of the coating.
The porosity was also experimentally determined using the Archimedes method, and the measured porosity was 7.53%. The experimentally measured porosity was higher than that calculated from the 2D images in Table 1 . This is because the 2D image based measurements only count surface porosity, but not internal porosity, thus underestimated the results. With reconstructed 3D images, a more accurate porosity will be expected. Another note is that the Archimedes method only gives overall porosity of a given sample. Image based porosity provides localized information about porosity distribution.
Fast Fourier Transform of the ROI binary images is given in Table 1 . For the top and middle regions, the bright peaks in FFT were slightly tilted about 5 o to the right of the vertical direction, suggesting most cracks oriented in the horizontal direction. In contrast, the bottom FFT shows a horizontal bright peak, indicating cracks were primarily vertical. Therefore, FFT provides an effective way to characterize the non-uniformity features of the TBC microstructures.
Both Vickers microindentation and nanoindentation tests were conducted to characterize the hardness of the coating. The measured Vickers hardness was 5.51±0.25 GPa, and nanoindentation hardness was 8.8±2.1 GPa. The nanoindentation hardness is higher than the Vickers hardness, due to localized indentation characteristics in nanoindentation. The Young's modulus of the coating, derived from nanoindentation test, is shown in Figure 3 . The Young's modulus decreased with increasing indentation depth, as expected in a typical indentation test. The average of the Young's modulus was 156.00±10.03 GPa. 
Conclusion
Imaging technique has been used to characterize the microstructural non-uniformity of the lanthanum zirconate thermal barrier coating. The imaging analyses revealed that, along the thickness of the coating, the cracks were primarily horizontal in the top and middle regions, while vertical cracks became dominant in the bottom region. The calculated porosities showed a non-uniformity (4.8%, 5.3%, and 5.5% in the top, middle, and bottom regions, respectively). They were lower than the experimentally measured one, 7.53%. This is because imaging analysis does not take internal porosity into account. Additionally, the measured Vickers hardness was 5.51±0.25 GPa, and nanoindentation hardness was 8.8±2.1 GPa. The Young's modulus was 156.00±10.03 GPa.
